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1. INTRODUCTION
A group of atoms bound together by interatomic forces
is called an atomic cluster (AC). There is no qualitative dis
tinction between small clusters and molecules. However,
as the number of atoms in the system increases, ACs ac
quire more and more specific properties making them
unique physical objects different from both single mole
cules and from the solid state.
There are many different types of atomic clusters, such
as metallic clusters, fullerenes, molecular clusters, noble
gases clusters, which all have their own features and prop
erties. There is no unique way to describe all of them.
In this work, we would like to demonstrate the differ
ence between two different types of clusters, namely me
tallic clusters and noble gases clusters. To make our analy
sis more deterministic we compare small sodium and ar
gon clusters  with each other.
In the last decade, there have been performed a num
ber of systematic calculations of structural and dynamic
properties of small sodium clusters. For the latest review
one can see [1], where allelectron ab initio calculations of
optimized geometries, binding energies, ionization poten
tials, multipole moments, dipole static polarisabilities and
normal vibration modes have been calculated for sodium
clusters with N  20 where N is the number of atoms in
the cluster, and compared with other available theoretical
and experimental results (for details see [1] and refer
ences therein). The mass spectra of sodium clusters have
been determined in [2]. The peaks in the spectra indicate
the enhanced stability of certain clusters. These clusters
are called the magic clusters and their mass numbers N
are the magic numbers.
Argon clusters have also been well studied. Theoreti
cal calculations of argon clusters with the use of pair wise
LennardJones potential have been performed in [3] for
clusters with N  147. In [4] this calculation has been ex
tended up to 309 atoms. In the last years more accurate
quantum mechanical methods have been suggested for ar
gon clusters calculation (see [5, 6] and references
therein). Some works have also been devoted to experi
mental study of argon clusters. In [6, 7], mass abundance
spectra for noble gases atoms have been calculated, and a
sequence of magic numbers has been determined.
In this work we use our calculations of sodium clusters
published in [1], to perform a comparison between sodium
clusters and argon clusters, which are computed using a
developed code. We show a striking difference in structure
of these different types of clusters, their binding energy,
and in the sequence of  their magic numbers.
The comparison of these two types of clusters is inter
esting because their formation and binding is completely
different. Metal clusters, and alkali metal clusters espe
cially should form due to delocalized electrons in the clus
ter. The situation is different in noble gases clusters. All
the noble gases atoms have closed valence electron shell,
so the valence electrons are localized near the ions, and
the binding in these clusters arises due to Van der Vaals
forces, that act  between atoms in the cluster.
2. THEORETICAL METHODS
Sodium clusters were calculated in [1] with the use of
allelectron ab initio theoretical methods based on the
HartreeFock approximation, density functional and per
turbation theories. The HartreeFock approximation does
not take into account manyelectron correlations in the
system, which turn out to play essential role in the forma
tion of clusters properties. Therefore, we also perform cal
culation using post HartreeFock theories accounting for
manyelectron correlations. Namely, this was done in the
Möller and Plesset perturbation theory of the second and
the fourth order and the three parameter Becke’s gradi
entcorrected exchange functional [8] with the gradi
entcorrected correlation functional of Lee, Yang and Parr
[9].
Argon clusters have been calculated with pair wise
LennardJones potential up to 100 atoms. The
LennardJones (LJ) potential reads as:
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where rµ is the interatomic distance between atoms µ
and ,  is the depth of the potential well ( > 0), 21/6  is
the pair bonding length. The constants in the potentials
allow one to model various types of clusters for which LJ
paring force approximation is reasonable. The most
natural systems of this kind are the clusters consisting of
noble gases atoms Ne, Ar, Kr, Xe. The constants in the LJ
potential appropriate for the noble gases atoms one can
find in [10]. Note that for the LJ clusters it is always
possible to choose the coordinate scale so that  = 1. It
makes all LJ cluster systems scalable. They differ only by
the choice of the energy parameter and the mass of the
constituents. In our paper we use LJ potential with  = 1
and  = 1/4.
The argon cluster treatment with the use of the LJ
forces often implies the applicability of the classical New
ton equations to the description of the cluster dynamics.
Following this line, we describe the atomic motion in the
cluster by the Newton equations with the LJ pairing
forces. In this case, the information about quantum prop
erties of the system is hidden in the LJpotential constants
 and . In computations, the system of coupled Newton
equations for all atoms in the cluster is solved using the
4th order RungeKutta method.
3. RESULTS OF CALCULATIONS AND
DISCUSSION
Geometries of neutral sodium clusters have been calcu
lated in [1]. It is impossible and unnecessary to present all
these geometries in this paper. For comparison, in fig
ure 1, we present selected sodium and argon clusters of
the same size with the lowest energy among available clus
ters. In this figure, we present results obtained for N = 4,
7, 8, 13 and 20. In the size range of 20 atoms the compari
son of these clusters is of large interest. In [1] it was
shown, that up to cluster size of N = 6 the most energeti
cally favourable cluster isomer has a plane form. We ex
plained this fact based on the idea of the minimization prin
ciple for the cluster surface. Indeed, the surface of small
plane cluster isomers is less in comparison with the sur
face of their possible spatial forms. This is completely dif
ferent in argon clusters. Starting from 4 atoms argon clus
ters have a spatial form. Comparison of Na4 and Ar4 illus
trates this fact clearly (see figure 1).
For sodium clusters, spatial isomers became energeti
cally favourable starting from N = 7. Therefore, it is inter
esting to compare the cluster isomer with the lowest en
ergy for Na7 with the lowest energy isomer of Ar7. In fig
ure 1 we perform this comparison. As it is clear from this
figure the topology of these two clusters is the same. They
differ by the distances between the atoms.
According to [2], the clusters with N = 8, 20, 34, 40, ...
should be the magic clusters for sodium. In figure 1, we
compare the first magic clusters for sodium clusters with
argon clusters of the same size.
Magic numbers for sodium have been qualitatively ex
plained with the use of jellium model, According to which,
the electron motion in a metallic cluster takes place in the
field of the uniform positive charge distribution of the
ionic background. According to the jellium model
[11 – 14], clusters with closed shells of delocalized elec
trons have the spherical shape, while clusters with
opened electron shells are deformed. The jellium model
predicts spherical shapes for sodium clusters with the
magic numbers N = 8, 20, 34, 40..., having respectively
the following electronic shells filled: 1s21p6, 1d102s2, 1f14,
2p6, ...,. Figure 1 demonstrates this fact. Indeed clusters
Na8 and Na20 have the higher point symmetry group Td as
compared to the other clusters. Comparison of these clus
ters with the lowest energy minima for argon clusters of
the same size shows, that the cluster geometry diers dra
matically. The both argon clusters Ar8 and Ar20 posses rel
atively low point symmetry groups, as compared to the Td
point symmetry group of Na8 and Na20. This facts inde
pendently proves, that argon clusters formation differs sig
nificantly from formation of sodium clusters. With the
growing number of atoms in the metal cluster more and
more valence electrons are being delocalized, and the me
tallic bonding is formed in the system. In noble gases
there are no valence electrons that could be delocalized, in
spite all the electrons are localized near the ions, due to
the closed electron shell of each atom. Bonding in noble
gases arises due to induced dipoledipole interaction. This
type of interaction is very weak, and has a very low bond
ing energy. This is the reason, why clusters of noble gases
atoms can only  be obtained by a very low temperature.
Due to a different type of bonding, argon clusters
should have their own specific properties than the sodium
clusters. Argon massspectra recorded at 77 K in [7]
shows that the sequence of magic numbers in argon is
13,19,23,26,29,..., and completely dierent as compared to
sodium. For Ar clusters, the origin of magic numbers is
connected to the formation and filling the icosahedral
shells of 3 atoms. The completed icosahedral shells of at
oms correspond to the following sequence of magic
numbers:
N z z z   
10
3
5
11
3
13 2 , (2)
as it is clear from a simple geometry analysis. Here the
integer z = 1, 2, 3, 4... is the order of the icosahedral shell.
The first four icosahedral magic numbers, N, as they
follow from (2) are equal to 13, 55, 147, 309.
In figure 1, we compare the first completed
icosahedral shell with 13 atoms to the sodium cluster of
the same size with the lowest energy. These two clusters
are completely different, as it is clear from this figure. An
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Fig. 1. Optimized geometries of neutral sodium Each cluster image
indicates  its point symmetry group of the cluster
exact icosahedral structure for sodium is impossible, due
to the JahnTeller effect [15]. According to this effect the
symmetry of the ionic core would be deformed for 13 at
oms,  what is clearly seen in figure 1.
In figures 2 and 3, we present the binding energy per
atom for sodium and argon clusters respectively.
The binding energy per atom for small neutral sodium
clusters is defined as  follows:
E N E E Nb N/ / , 1 (3)
where EN is the energy of neutral Natomic cluster E1 is
the energy of a single  atom.
In figure 2, we show the dependences of binding ener
gies of sodium clusters calculated with the use of different
theoretical ab initio methods. We do not discuss them in
this paper and refer the reader to the [1], where all these
methods  have been described in details.
The energies of sodium clusters have been computed
using methods based on the density functional theory
(B3LYP), HartreeFock approximation (HF) and pertur
bation theory of the forth order (MP4) The results of our
calculations have also been compared with those derived
by the configuration interaction (CI) method in [16]. Fig
ure 2 demonstrates that the results of the MP4 and B3LY
P methods are in a reasonable agreement with each other
and with the CI results. The HF points significantly dier
from the MP4, B3LYP and CI ones, which demonstrates
the importance of manyelectron correlations, taken into
account in the MP4, B3LYP and CI methods and omitted
in the HF approximation. Note that the energy of Na2, if
computed in the pure HF approximation, is close to zero,
which means that bonding in this molecule takes place
mainly due to manyelectron correlations.
Binding energy for argon clusters can also be deter
mined using eq.3. But, due to the classical approach for
calculation of argon clusters E1 is equal to zero, and EN is
the sum of all pairwise energies in the cluster:
E U rN
LJ
N N
LJ  
   

1
( ). (4)
In figure 3, we plot the binding energy for argon as a
function of the cluster size.
Let us now compare the binding energy of argon clus
ters with the binding  energy of sodium clusters.
Figure 2 demonstrates the evenodd oscillation behav
iour in the dependence of binding energy on cluster size.
Indeed, for neutral sodium clusters even numbers, corre
sponding to the singlet multiplicity have higher energies
as compared to their odd neighbours. Note that for neutral
clusters this phenomenon occurs simultaneously with
slight systematic growth of the binding energies per atom
with increasing cluster size. The situation is different for
argon clusters. As it is clear from figure 3 there is no oscil
latory behaviour of the binding energy, in spite the curve
is very smooth. This fact again proves the great difference
in  bonding of metallic and noble gases clusters.
Figure 2 also shows that the binging energy per atom
in the magic clusters, Na8 and Na20, is a little higher as
compared to other clusters of the close size. This feature
can be qualitatively understood on the basis of the jellium
model: increasing the magic clusters binding energy
takes place due to the delocalised electrons shell closure.
Similar situation takes place for argon clusters. Points,
that correspond to the magic numbers 13 and 19 are sin
gledout from the general behaviour of the curve. A simple
analysis shows that these point posses a positive second
derivative of the energy. The connection between the sec
ond derivatives2EN and the peaks in the abundance mass
spectrum of clusters one can understand using the follow
ing simple model. Let us assume that the mass spectrum
of clusters is formed in the evaporation process. This
means that changing the number of clusters, nN, of the
size N in the cluster ensemble takes place due to the evap
oration of an atom by the clusters of the size N and N + 1,
i.e. nNnN+1WN+1N –nNWNN–1, where the evapora
tion probabilities are proportional to WN+1N  e –(EN+
+E1–EN+1)/kT and WNN–1e –(EN–1+E1–EN)/kT.
Here T is the cluster temperature, k is the Bolzmann con
stant. In the limit EN/kT<<1, one derives nN 
nN(EN+1+EN–1–2EN)/kT
2EN. These estimates dem
onstrate that the positive second derivative 2EN should
lead to the enhanced abundance of the corresponding clus
ters. We present the second derivative calculated for the
sequence of argon clusters in the insertion to the figure 3.
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Fig. 2. Binding energy per atom for neutral sodium clusters as a
function of cluster size. Circles represent the binding energies per
atom calculated by the B3LYP method, lower and upper triangles
correspond to the energies obtained by the MP4 method and in the HF
approximation respectively. Squares show the result of the
configuration interaction approach from the work by Bonacic-Koteck ý
et al. (for details see [16])
Fig. 3. Binding energy per atom for argon cluster as a function of
cluster size. In the insertion we plot the second derivative

2EN=EN+1+EN–1–2EN
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4. CONCLUSION
In this paper, we have undertaken a comparison of two
different types of atomic clusters: metal clusters and no
ble gases clusters. We have shown that these two types of
clusters differ significantly from each other, and have their
own features and properties. This work can serve as a
good background for studying other important properties
of atomic cluster systems such as electronic transport
properties, phase transitions in dierent types of clusters,
and many other.
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